Abstract. Since the middle of 1995, an HF Doppler sounder has been running almost continuously in northern Norway, with the receiver at Ramfjordmoen and the transmitter at Seljelvnes. Concurrent operation of the EISCAT UHF radar in common programme (CP-1) mode has made it possible to study the ionospheric signature of a magnetospheric ULF wave. These are the ®rst results of such wave signatures observed simultaneously in both instruments. It has been demonstrated that the observed Doppler signature was mainly due to the vertical bulk motion of the ionosphere caused by the electric ®eld perturbation of the ULF wave and the ®rst direct observational con®rmation of a numerical simulation has been achieved. The wave, which was AlfveÂ nic in nature, was detected by the instruments 8°equatorward of the broad resonance region. The implications for the deduced wave modes in the ionosphere and the mechanism producing the HF Doppler variations are discussed.
Introduction
Ultra-low-frequency (ULF) waves are an important coupling mechanism between the magnetosphere and the ionosphere since they transfer both energy and momentum. These interactions are most signi®cant in the high-latitude ionosphere, where the magnetosphereionosphere interaction is strongest. The waves also act as an important diagnostic of magnetospheric morphology and dynamics. The ionosphere determines the boundary conditions (e.g. Yeoman et al., 1990) for magnetospheric magnetohydrodynamic (MHD) wave modes and hence controls the transfer of energy and momentum. It also modi®es the magnetospheric wave signature, leading to rotation and attenuation of the wave magnetic signature detected on the ground (e.g. Hughes and Southwood, 1976; Hughes, 1983) . The ionospheric signature of ULF waves is thus an important topic of study.
Up to the present the principal instruments for the investigation of the ionospheric signatures of ULF waves have been coherent-scatter radars. There are many reports of the ionospheric signatures of ®eld line resonances in both the E-region, using VHF radar data (e.g. Walker et al., 1979; Yeoman et al., 1990) and in the F-region, using high-frequency (HF) radar data (e.g. Ruohoniemi et al., 1991) . These waves generally exhibit small eective azimuthal wave numbers (m) typically in the range 0±20, which is equivalent to azimuthal wavelengths of greater than 685 km at the latitude of Tromsù (69.6°N), although observations up to m 40 have occasionally occurred (e.g. Fenrich et al., 1995) . Nonresonant ULF wave features have also been observed by VHF radars (e.g. Allan et al., 1982 Allan et al., , 1983 . Fenwick and Villard (1960) ®rst suggested that geomagnetic variations might be associated with observed shifts in the frequency of ionospherically re¯ected radio signals recorded with an HF Doppler sounder. Since then, short-period oscillations in the frequency of HF signals have been correlated with magnetospheric ULF pulsations measured by ground magnetometers (e.g. Jacobs and Watanabe, 1966; Klostermeyer and RoÈ ttger, 1976; Tedd et al., 1989; Menk, 1992) . Recently, Wright et al. (1997) presented a detailed study of ULF wave signatures observed by a new sounder at high latitudes (see Sect. 2.1). Models of the mechanisms involved in generating the ionospheric signatures observed by HF Doppler sounders have been described by Poole et al. (1988) , Sutclie and Poole (1989, 1990) and Sutclie (1994) .
HF Doppler sounders oer an important experimental technique for investigating the ionospheric signatures of magnetospheric ULF waves. This type of radio diagnostic oers the ability to select the height at which the ionosphere is probed by changing the sounding frequency, as well as providing measurements of the ionosphere with high spatial and temporal resolution. A new sounder, known as the Doppler Pulsation Experiment (DOPE), has recently been constructed in Leicester, UK, and was deployed in May 1995 near Tromsù, Norway (geographic: 69.6°N 19.2°E; geomagnetic: 67.0°N 117.0°E; L 6.3). It is located close to the European Incoherent Scatter (EISCAT) radar facility (e.g. Rishbeth and Williams, 1985) which enables comparison with EISCAT data from suitable common and special programmes, with the aim of investigating the ionospheric boundary conditions for MHD wave modes in the magnetosphere, studying the height pro®le of ULF wave signatures, and comparing observations with existing theoretical models and measurements made with other ground-based instruments. A limited number of observations of the ionospheric signatures of ULF waves with the EISCAT radar have been reported by Crowley et al. (1985 Crowley et al. ( , 1987 and Glangeaud et al. (1985) . This paper presents the ®rst observations made by DOPE in conjunction with the EISCAT UHF radar. The simultaneous detection of a Pc5 pulsation at the ground and its signature in the ionosphere at high latitudes has allowed the vertical and horizontal structure of the ULF wave to be investigated quantitatively. The observations are interpreted as a ®eld line resonance and the observed Doppler signature is demonstrated to be due to the vertical component of an E´B motion in the ionosphere, caused by the incident ULF wave.
Instrumentation

The high-latitude Doppler sounder
The DOPE sounder consists of a frequency stable transmitter (Chapman, 1995 (Chapman, , 1997b ) and a receiver (Chapman, 1997a) which have a ground-separation of about 50 km, giving a near vertical radio path roughly along a magnetic meridian . A ®xed-frequency (4.45 MHz) continuous wave signal is radiated and, after re¯ection in the F-region ionosphere, received at the ground. The Doppler technique works on the principle that variations in the refractive index or bulk motion of the plasma along the path of the radio wave cause small shifts in the received frequency, due to changes in the phase path of the wave. Thus, the frequency shift, Df, is given by
where P is the phase path of the signal, k is the wavelength and t is time. The measured Doppler shifts, which are typically less than 1 Hz, can thus indicate the characteristics of waves aecting the ionospheric plasma in the region being sounded. In the case where the refractive index does not vary with time, this can be interpreted as an equivalent vertical motion of the re¯ection point with a velocity, v, using, for a vertical incidence sounder, the relation
where c is the speed of light and f is the sounding frequency.
The spatial resolution of a sounder such as this is determined by the area over which it integrates data. This is given, to a ®rst approximation, by the region of specular re¯ection of the HF radio wave from the ionosphere which is equal to the area of the ®rst Fresnel zone of the re¯ecting plane of the ionosphere (see Appendix). The scale size for the sounder has thus been determined to be~4 km. When compared to the scale size of the integration area of ground magnetometers (³120 km; Hughes and Southwood, 1976) and VHF coherent-scatter radars (15±45 km), it is clear that a Doppler sounder oers ionospheric observations with high spatial resolution. The EISCAT incoherent-scatter radar has a beam width of the order of 2 km at F-region heights. When considering a real, and therefore non-planar, ionosphere, the broad antenna pattern of the Doppler sounder means that it is possible that the received Doppler signal may contain contributions from more than one ionospheric interaction region.
Data acquisition and analysis
The Doppler sounder receiver system consists of a twinchannel receiver and a PC employed to control receiver operations and to log data on a digital audio tape (Wright, 1996) . The signal is received on a pair of crossed active dipole antennas and an O-X mode discriminator enables O-and X-mode signals to be resolved on channels 1 and 2 of the receiver, respectively (Chapman, 1997a) . The receiver mixes the signal input frequency down to a baseband level which represents the oset from the diagnostic frequency of 4.45 MHz. The receiver output is ®ltered with a cut-o of 15 Hz at the 3-dB level. So far as the authors are aware, this is the ®rst time continuous O-and X-mode observations of ULF wave signatures have been made at high latitudes. A digital ionosonde located at the geomagnetically midlatitude station of Halley, Antarctica, has employed Oand X-mode discrimination to make observations of the ionospheric signatures of Pc3-4 pulsations (Jarvis and Gough, 1988) and of Pc1 pulsations (Jarvis and Morrison, 1997) . However, in each case the number of events presented was small. In addition, low-latitude observations utilising O-X discrimination have been reported by Sutclie and Poole (1984) in their study of Pc3 signatures and, more recently, by Menk et al. (1995) .
The data, which are sampled at the receiver output at a rate of 40 Hz, undergo spectral analysis employing a fast Fourier transform (FFT) routine in order to produce a``Doppler trace'' such as those reproduced in this paper. The temporal resolution of these data is 12.8 s which is a result of consecutive blocks of 512 samples being Fourier analysed. Spectral components with values above some threshold (usually 50% of the peak value) are included on the Doppler trace and these represent the diagnostic signal frequency shift.
UHF incoherent-scatter measurements
The EISCAT UHF (ultra high frequency) radar (Rishbeth and Williams, 1985) is an incoherent-scatter radar which operates at a frequency around 931 MHz. The system consists of three 32-m dishes: one transmitreceive site at Tromsù and receive-only dishes at SodankylaÈ , Finland and Kiruna, Sweden. Tristatic measurements of ion¯ow velocity enables the E´B velocity vector in the F-region to be determined. An EISCAT special programme, SP-UK-DOPE, has been written for this experiment which is similar to the CP-1 common programme. Both utilise an alternating code pulse scheme at low altitude in the E-and lower Fregions and a long-pulse scheme for F-region and topside observations. The former type of pulse coding provides the higher spatial resolution required for measurements in the E-region (e.g. Davies et al., 1997) .
The combined EISCAT UHF and DOPE sounder experimental set-up is illustrated in Fig. 1 . A constant pointing direction of EISCAT allows measurements to be made with a high time resolution. SP-UK-DOPE has the¯exibility to allow the experimenter to quickly change the intersection altitude of the radar, i.e. the height at which the tristatic¯ow velocity is measured. The intersection height can therefore be set to a position where the signal-to-noise ratio of the returned signals is high, thus minimising the amount of post-integration necessary on the data. It is desirable to match the re¯ection height of the HF sounder wave with the interaction height of EISCAT (see Fig. 1 ) so that any ULF wave eects are monitored at the same part of their vertical pro®le with both instruments. The height of the HF Doppler wave re¯ection point can be determined, in near real time, by either inverting a recent ionogram measured by the Tromsù Dynasonde, a digital ionosonde, or by examining the electron density information of the local ionosphere provided by EI-SCAT power pro®le measurements. It should be noted that EISCAT CP-1 data have been employed in this study.
Ground magnetometers
In addition to the HF Doppler and EISCAT data presented in this paper, data from the IMAGE (LuÈ hr, 1994) ground magnetometer stations in northern Scandinavia are included. These data are given in a geographic (XYZ) coordinate system and have a time resolution of 10 s. The resolution of the magnetometer at Tromsù (TRO) is 1 nT and therefore for a ground magnetic signature to be measured in association with ionospheric Doppler observations a ground amplitude of at least 4 nT peak-to-peak is required. Spatially separated stations oer the possibility to determine the latitudinal phase change of a ULF wave as well as its azimuthal phase change, characterised by the eective azimuthal wave number, m, the number of degrees of change in wave phase per degree of longitude on the Earth's surface. Due to the way in which ground magnetometers integrate information over an area with a scale length of the order of the E-region height (Hughes and Southwood, 1976) , phase mixing of signals from adjacent regions in the ionosphere results in the attenuation of waves with high m-values (corresponding to small azimuthal scale lengths) observed on the ground.
Results
This section presents data associated with a ULF wave which occurred on 13 February 1996 and was detected simultaneously in the ionosphere by the DOPE sounder and the EISCAT UHF radar and at the ground by IMAGE magnetometer stations. The top two panels of Fig. 2 illustrate the event as it was observed by the DOPE sounder in both the O-and X-mode signals. A series of wave cycles are clear in the data which start at some time before 10.40 UT and continue until about 13.00 UT. The Doppler data outside of these times are noisy because the received signal amplitude was low due to increased absorption or because the signals had penetrated the ionosphere (the transmitted frequency was close to the local critical frequency of about 4.5 MHz and the re¯ection height of the O-mode wave was about 210 km) and thus the wave cannot be seen at these times.
The lower two panels of Fig. 2 display the X-and Ycomponents measured by the TRO magnetometer. There is a considerable amount of wave activity present in the ground magnetometer data during this interval. Figure 3 depicts a small section of this interval, selected because of the clarity of the Doppler signature. The Doppler time-series (Fig. 3a) are formed by selecting the peak component from each sequential spectrum (see Wright et al., 1997) . This is necessary in order to make a frequency analysis of the wave possible. X-and Ycomponent TRO magnetometer data for the same interval are reproduced in Fig. 3b . Concurrent with these observations, the EISCAT UHF radar was running the common programme CP-1 and making tristatic measurements of the plasma¯ow velocity at an altitude of 278 km. The EISCAT observations are thus made at a higher altitude than those from the DOPE sounder. Figure 3c illustrates the ®eld perpendicular components of this velocity resolved into the northward (v n ) and eastward (v e ) directions.
In order to remove the high-frequency noise and long-period trends, all of the data in Fig. 3a , b have been ®ltered to exclude signatures outside the period range 30±400 s. However, the EISCAT measurements (Fig. 3c ) have been ®ltered in the narrower range of 120±400 s, since these data contain more high-frequency noise. It is clear that there is a wave in all six time-series which is of similar period. Important points to note here are that the O-and X-mode signatures are in phase and that there is a large phase dierence (almost 180°) between the ground magnetic and the ionospheric signatures. In particular, the relative phase between the TRO Y-component and the Doppler O-mode signature, Du YO , is~160°with b y leading. This value will be useful for a comparison with modelling work later in this study. Displayed in Fig. 4 are the normalised Fourier power spectra for each of the six time-series in Fig. 3 . They indicate that, within the resolution of the spectra (0.67 mHz), a wave exists in each with a period of 250 s (a frequency of 4 mHz) which is in the frequency range of a Pc5 pulsation (e.g. Jacobs et al., 1964) . Small spectral peaks are also apparent at 6, 8 and 10 mHz which might relate to harmonics of the fundamental wave.
In order to determine the characteristics of the observed ULF wave, data from 17 magnetometers in the IMAGE network, which are located throughout Scandinavia, were examined. The stations range in geomagnetic latitude (see LuÈ hr, 1994 ; also information on the internet at http://www.geo.fmi.®/image/) from 56°N (Nurmijarvi, NUR) to 76°N (Ny A Ê lesund, NAL). Figure 5 displays X-component data, which again have been ®ltered in the range 30±400 s, for these stations. The same wave signature is evident in all time-series and exhibits a peak in amplitude at the higher-latitude stations. Parts a and b of Fig. 6 show respectively the latitudinal pro®les of the spectral power of the 4 mHz wave and the associated Fourier phase of this component obtained for each station. For reference, the location of Tromsù (TRO) is marked by a dashed line. The amplitude pro®le exhibits a clear, broad peak maximising around 75°N (geomagnetic) whilst the phase of the ULF wave changes through 180°across the region of peak amplitude, remaining almost constant across the lower latitude stations below 71°N. Figure 6 is thus demonstrating the characteristic signature of a ®eld line resonance (e.g. Orr, 1984) . However, the resonance region, measured at full-width half-maximum extends over about 5°of latitude (~500 km in ground range) and might be considered large when compared to some previous observations [e.g. Yeoman et al. (1997) describe a ®eld line resonance in HF radar data with a scale size of only 60 km]. The m-number of the wave in this study was determined using the IMAGE station's Y-component data for the same interval as in Fig. 5 , and is 2.9 (travelling westwards). This is consistent with the m-numbers of ®eld line resonances determined from previous high-latitude radar observations (e.g. Yeoman et al., 1990; Fenrich et al., 1995) . Figure 6a , b clearly demonstrates that the ground magnetic signature of the event described in Sect. 3 is one of a classic ®eld line resonance (Southwood, 1974; Orr, 1984) . However, the resonant region is large with a scale size of around 500 km. The fact that the O-and Xmode Doppler signatures, which are measurements of two latitudinally separated positions , are in phase con®rms the magnetometer observations that Tromsù is located well away from the resonance region where the phase of the ULF wave changes rapidly with latitude. The period of the wave at 250 s is in agreement with the range of periods identi®ed by Poulter et al. (1984) at high latitudes in STARE radar data. The m-number of the wave being 2.9 is consistent with previous radar observations of ®eld line resonances at similar latitudes (Yeoman et al., 1990; Ruohoniemi et al., 1991) .
Discussion
The observations
The simultaneous observation of the ULF wave by the EISCAT UHF radar further con®rms that HF Doppler sounders are sensitive detectors of the ionospheric signatures of ULF waves (e.g. Klostermeyer and RoÈ ttger, 1976; Menk, 1992; Wright, 1996; Wright et al., 1997) . It also demonstrates the usefulness of the EISCAT CP-1 and SP-UK-DOPE programmes for supporting and validating the observations of ULF waves by HF Doppler sounders (e.g. Wright, 1996; Wright et al., 1997) . Poole et al. (1988) presented models de®ning the mechanisms which may relate an incident ULF wave to its associated ionospheric Doppler signature at midlatitudes. They considerably extended previous models which considered only a motor eect (Rishbeth and Garriot, 1964; Klostermeyer and RoÈ ttger, 1976) , where the electric ®eld associated with a geomagnetic pulsation drives an E´B bulk drift of plasma which, due to the inclination of the ®eld, has a vertical component. This is applicable to AlfveÂ n mode waves with their associated ionospheric magnetic and electric ®eld perturbations. Poole et al. (1988) accounted for changes in refractive index along the radio wave path and also included terms to compensate for magnetic ®eld compression in the ionosphere.
Comparison of the data with modelling work
Examination of electron density and electron temperature measurements by EISCAT indicates that the background conditions were steady at the time of the event presented here and not signi®cantly modulated at the wave frequency. In addition, the K p index had a magnitude of 2. It seems reasonable, therefore, to assume that local source and loss processes were negligible during this interval. By neglecting these processes for the ionospheric plasma, the model of Poole et al. (1988) was separated into three main mechanisms. The``magnetic'' mechanism accounts for changes in the refractive index due to changes in the magnetic ®eld intensity, requiring no bodily movement of electrons. The``advection'' mechanism describes the change in the refractive index caused by the vertical motion of electrons under the in¯uence of an eastward directed pulsation electric ®eld. The presence of compressional mode waves in the ionosphere, and also the conversion of the incident AlfveÂ n wave into an evanescent fast mode wave (which is subsequently detected at the ground) in the ionospheric E-region results in compression of the magnetic ®eld, leading to changes in the local plasma density and, hence, the refractive index. This is the``compression'' term, in the nomenclature of Poole et al. (1988) and Sutclie and Poole (1989, 1990) .
The three components each contribute vectorially to the total calculated Doppler velocity. The phase of the mechanisms relative to the magnetic signature on the ground is a critical part of the model (Poole et al., 1988; Sutclie and Poole, 1989, 1990; Sutclie, 1994) . The largest contributions to the Doppler velocity are due to the advection and compression terms. However, it is important to remember that currently the models discussed here apply to mid-latitudes and this paper is making a tentative extrapolation to high-latitude conditions (see also Wright, 1996; Wright et al., 1997) . At Fregion heights the phase of these terms respectively lag and lead the b y component on the ground. Wright et al. (1997) have suggested that signatures exhibiting relative phases Du YO in the range 90°±120°(b y leading) were a result of the advection mechanism as proposed by Poole et al. (1988 ) and, later, Sutclie and Poole (1989 and Sutclie (1994) . The event presented here has a Du YO of~160°with b y leading which implies that it would also be primarily the result of the advection mechanism. Figure 7 displays the O-and X-mode Doppler velocities associated with the event, calculated using Eq. (2). Also included (Fig. 7c) is the vertical component of the northward ®eld perpendicular velocity (v n (z)) measured by EISCAT, which is simply (E´B) z ± the advection mechanism de®ned in the modelling work. The velocity signatures agree closely in amplitude, phase and wave period. The fact that the velocities match demonstrates that the advection mechanism is likely to be almost solely responsible for creating the ionospheric signature of the ULF wave presented here. Compressional wave modes are generally expected to have small electric ®elds associated with them in the ionosphere (Kivelson and Southwood, 1988; Yeoman et al., 1990) , however the EISCAT and HF Doppler observations presented here exhibit a signi®cant electric ®eld in the ionosphere, which supports the belief that this event is AlfveÂ nic. If the ®eld lines were responding to an incoming fast mode wave, it would be expected that a signi®cant contribution to the ionospheric signature would be the result of a downgoing fast mode wave (since the AlfveÂ nic contribution should fall with distance away from the resonance). However, the observations presented here suggest that this is not the case, but instead that the AlfveÂ nic signature at high latitudes dominates over an extensive latitudinal region. The HF Doppler sounder is sensitive to both E and B in the ionosphere (e.g. Poole et al., 1988) which makes it a very good diagnostic for observing the modes of ULF waves. The models of Sutclie and Poole (1989) and Sutclie (1994) demonstrate that although the velocity observed by a HF Doppler sounder varies with altitude, the greatest change occurring over a very narrow altitude range corresponding to the region of peak F-region electron density. However, at these altitudes, the relative phases of the contributions from the various mechanisms are almost height independent although the absolute values are sensitive to pulsation frequency and scale size (see also Wright et al., 1997) . The EISCAT and Doppler data displayed in Fig. 7 were measured at F-region heights separated by about 70 km. EISCAT provides a measure of the true tristatic E´B velocity, rather than the response to a combination of mechanisms as in a Doppler sounder. The velocity observed by EISCAT would be eectively the same at the two heights as a consequence of the electric ®eld mapping down the ®eld lines. Thus the EISCAT and Doppler sounder velocities can be directly compared. In addition, the observed phases of the ionospheric HF Doppler, EISCAT velocity and ground magnetic signatures are consistent with predictions of how the phase of the ULF wave should vary along the ®eld line (Hughes and Southwood, 1976) .
Summary
By employing the DOPE HF Doppler sounder in conjunction with the EISCAT UHF radar, the IMAGE network of ground magnetometers and the Tromsù dynasonde, it has been possible fully to characterise the signature of a magnetospheric ULF wave both in the ionosphere and at the ground. The event, which occurred on 13 February 1996, was the result of a low-m ®eld line resonance with an unusually large scale size. Comparison of the observations with a numerical model and, for the ®rst time, direct observation has demonstrated that the ionospheric signature of the wave was probably created by the vertical bulk motion of the ionosphere driven by the E´B drift associated with the pulsation electric and magnetic ®eld perturbations. This advection of the ionospheric layers demonstrates, in this high-latitude case study, a ULF wave of AlfveÂ nic This study has further highlighted the usefulness of the DOPE sounder as a high spatial and temporal resolution technique for recording the ionospheric eects of ULF waves. In addition, it is clear that experiments run in conjunction with the EISCAT UHF radar, as well as available ground magnetometers, oer the possibility of characterising various types of ULF waves and the ionospheric boundary conditions which aect them. The experimental programme SP-UK-DOPE will be ideal for this purpose.
